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THE  VAPOi^  PiviStSURE  LOV/EKIIIG  OF  AQUii^OUS  CAL'E  bUGAH 
SOIJTIOIIS  AT  20°. 
IliTHODUGTIOIJ 

The  study  of  the  vapor  pressures  of  aqueous  solutions 
of  cane  sugar  offers  an  excellent  opportunity  for  the  correlation 
of  colligatiVQ  properties,  eS]  ocially  so  in  the  case  o-  u^<..otic 
pressures  since  in  both  instances  invest igatioiis  can  oe  carried 
out  over  a  conparable  wide  range  of  concentratious.   Tho  accurate 
vapor  pressure  measurements  at  the'  present  stage  of  development 
are  s  omev/hat  limited  by  temperature,  it  seems  possible  that  they 
may  also  be  extended  over  the  temperature  range  covered  b?/ 
osaotxo  j^.ressure.   There  la  also  the  possibility  of  th      ri- 
mental  verification  of  the  tnsrmodynamic  relation  betwoon  osmotic 
pressure  and  vapor  pressure  lowering.   Osmotic  pressures  cv.lo^.- 
lated  oy   the  thermodynamic  relations  Dot\.':eu  colligative  j,xo  "  -- 
ties  are  In  quite  good  agreement  with  the  experimental  datu  on 
the  '?.irect  measr.rements  b^  Morso,  i'raaer  and  co-workers  and 

3 

Berkeley,  Hartley  and  co-v.u^_axs . 

The  vav-cr  •;"ror"':-'Te  "ata  for  these  particular  solutions 
are  not  so  numerous  and  lie  ve  been  moarured  in  most  cares  by  some 

4- 

dynauic  uethod.   Berx.exey,  .:u,rtic;,  ij.:.d  Burton  measured  the 

/  Am.  Chem.  Jou.riiL.x  ^^  uu^,  (1911) 

2  J.  Am.  Chem.  Soc  SG  1016,  (1916) 

3  ..   £06  4:b6      (1906T 
f  ^..   £09   177   (1908) 


lowerings  at  0°  and  claim  an  accuracy  of  5yj  by  tliair  method. 
Washburn. using  a  modifiofl  form  of  the  apparatus  of  Berkoloy 
and  Hartld/,  was  ablo  to  obtain  the  values  for  a  v/eight  molar 
concontration  at  25°  which  agreed  v/oll  v.lth  the  observed 
osmotic  pressure  values  of  Horse. 

One  of  tlie  first  to  observe  vapor  pressures  of  aqueous 
solutions  by  a  stauic  method  using  a  Rayleigh  manometer  was 
Smits,  who  worked  with  llallOg  and  llaCl  solutions.   V/ood^iias 
measured  the  vapor  pressures  of  concentrated  sugar  solutions  at 
high  temperatures  by  a  static  method.   The  static  method  has 
some  decided  advantages  over  the  dynamic  methods,  v/hich  v/ill  not 
be  envunerated  at  this  time,  e:-:cept  in  regard  to  the  fact  tliat  the 
general  equation  of  rorter'''i£;  derived  on  just  such  conditions 
as  are  encountere  .  x^i  the  static  method,  n-:'  1";  the  solution 
is  under  the  hydrostatic  pressure  of  its  own  vapor. 

Wood's  method  of  static  determination  is  liruited  to 
concentrated  solutions  and  high  temperatures  where  large  dii_er- 
ences  of  pressure  occur,  but  for  the  precision  necescary  for  the 
measurement  at  lov/er  temperatures  and  concentrations,  the  static 
method  of  yxe-zex   and  lovelaco  is  well  adapted.   The  f  a^  ^  .nat 
the  vapor  pressure  of  the  solution  is  compared  directly  v/ith 

1  J.  Am.  Chom.  See.  37_  'oOl  (1915) 

z    "-it  ■—   Chem     51  33  (1005) 

3  ..;....  ..owe       112  ^91  (1915) 

+  Proc  Key  30 c    A  7£  -fe^  (1901) 

o  J.Am.C}iom.Soc.    oC_  24S9  (1914)   Zeit  phy  Chem  89  155 


that  ox  L..3  pure  solveut  undor  exactly  similar  conditione  and 
that  the  setting  and  reading  error  is  v/ithin  O).0005  mm  actual 
lowering,  leave  little  douht  as  to  the  superiority  of  t]  e  method. 
Loroover,  careful  studies  of  ti.e   removal  of  dissolvea  ^ir  . 
the  solutions  hy   Rogers  and  Sease  have  oliminated  that  source 
of  error. 

Measurements  have  heen  made  on  mannite  by  this 
method,  and  because  of  the  fact  that  sugar  shows  all  the  jiro- 
perties  of  a  hydrated  non-electrolyte,  and  has  "been  carefully 
investigated  by  various  methods,  including  osmotic  pressure, 
it  seemed  desirable  to  be  able  to  compare  the  respective  vapor 
pressure  lor/erings,  as  well  as  the  osmotic  pressures,  i^or  these 
reasons,  and  to  be  able  to  cgmpare  the  osmotic  pressures  cal- 
culated by  iorter's  equation  from  statically  datermined  vapor 
pressures  with  the  direct  measurements,  sugar  was  chosen  as  the 
solute . 

Apparatus . 

The  apparatus  which  had  \jeen  standing  idle  ior  a 
period  of  about  four  years  v/as  thoroughly  overhauled,  cleaned 
with  nitric  acid  and  cleaning  mixture,  and  finally  steamed  to 
remove  any  acid  fumes  that  might  remain.  The  mercury  was 

/  J./un.Cr-3;a.Soc.   42   1793   (19EU) 

2  ibid  43  102   (T9"21) 

3  loc.  cPE". 


redistilled  and  that  required  for  the  Rayleigh  gauge,  the 
UcLeod  gauge  and  the  thermoregulator  was  epecially  treated 
according  to  the  method  of  Hulett.  During  the  war  the  Gaede 
pump  which  was  originally  used,  had  been  removed  and  v/as  re- 
placed by  a  Langmuir  mercury  condensation  pump  in  series  v;ith 
a  Genexax  Slectric  auxiliary  pump  of  large  Cc.pacity.  Between 
the  auxiliary  pump  and  tha  condensation  pump  was  situated  a 
small  manometer,  a  stop  cock  to  cut  off  between  the  two  pumps, 
and  a  stop  cock  connected  by  a  "T"  in  the  line  to  a  capillary 
for  the  purpose  of  relieving  the  vacuum  either  on  the  system 
or  the  langmuir  pump  after  closing  trap  ^1 •   A  phosphorus 
pentoxide  bulb  was  connected  by  a  "T"  and  a  ground  glass  joint 
in  the  glass  just  above  the  condensation  puiiip  to  prevent  water 
vapor  being  drawn  into  the  oil  of  tne  auxiliary  pump.  V/ith 

these  exceptions  the  system  used  was  that  described  by  Lovelace, 

z 

i'ra^er  and  Sease. 

Experimental  Procedure* 
The  sugar  used  v.'as  from  the  same  source  as  that  used 
in  the  osmotic  pressure  work  here  in  this  laboratory.   It  v/as 
not  recrystallized,  but  showed  a  negliglole  amount  ot:   reducing 
sugar  -.vhen  tested  with  i'ehling's  solution  (Allilin's  method). 

1   Phy.  x^ev.   55  SQ7 
z   loc  cit 


Comparative  aualyses  iDetv/een  it  and  a  sample  furnished  ty  the 

Bureau  of  Standards  ou  the  saccharimeter  and  the  interferometer 

revealed  a  presence  of  about  .046/0  impurity  in  the  solute  used. 

Bureau  of  Standards  7^17  sugar  analysis. 

Moisture        loss  than    O.OOS/o 

Ash  "   "       .002^ 

Heduciug  sutstancec  estimated  as 
invert  sugar   less  than     .OOZfo 

In  the  preparation  of  aoluGions  in  vacuo,  the  same 
technique  was  followed  as  described  by  Sease  and  Hogers  in  the 
case  of  dilute  solutions.   Hov/ever  in  the  preparation  of  con- 
centrated solutions,  because  of  the  great  bulk  of  the  sugar 
required,  it  was  necessary  to  place  the  sugar  in  the  larger 
bulb.   The  air  v/as  removed  from  the  water  In  the  small   ""^ 
by  boiling  cautiously  with  a  smoky  flame  and  sealing  the 
constriction  after  about  30  minutes.   The  bulb  containing  the 
sugar  was  evacuated  with  the  Langniuir  pump  for  aoout  an  hour 
at  the  ond  of  which  time  the  Mclieod  gauge  showed  negligible 
air  pressure.   The  bulb  v/ae  then  sealed  at  the  constriction. 
The  bulbs  coni;ci.ining  air  free  sugar  and  air  free  water  were 
joined  at  trie  stems  by  a  short  rubber  Cube  froia  which  the  air 
had  been  displaced  by  distilled  v/ator  ancl  tnu  latter  by  clean 

1  loc  cit 


mercury,  and  .vhich  was  vifiryd  into  position  by  a  double 
ligature  at  each  end.   The  tips,  which  had  been  lilo  marked 
before  making  the  joint,  were  broken  within  the  rubber  connec- 
tion and  when  the  lu^  -   -d  all  dissolved  the  "introduction" 
bulb  v.'as  completely  filled  v/ith  solution.   ^y  closing  the 
rubber  connection  '.7ith  a  bcrev/  clump,  the  larger  bulb  could 
be  removed  without  exposing  t}:e  solution  to  the  air  and  the 
introduction  capillary  fitted  in  its  place. 

It  v;as  feared  that  the  sugar  might  invert  during  the 
time  required  for  the  removal  of  air  and  the  measurement  of 
the  vapor  pressure,  and  thus  increase  the  number  of  solute 
particles.   Careful  tests  were  made  and  it  was  found  that  in 
one  case  no  inversion  had  occurod  over  a  period  of  24  days. 
These  tests  were  made  by  comparing  the  concentrations  of  the 
solutions  as  introduced  against  the  concentrations  taken  out 
j^  b...  liice^ leroneter  and  by  the  saccharimeter . 


TABLE  1. 
O.lll       Stood   134  days 


25.04°    _    itemoved 
24744°    ~     Intx'odaced~ 


1.0245  by  sac char ineter 


.0991I.I  _  Hemoved 
.0983^    Introduced 

0.2Iu   Stood  EO  days 

50.197°  _.  .iamovod 
oO.Ol    Int 0 r due ed 


.1092  __  Roinoved    _ 
.li;8i5     Introduced 


_  1.0081  "by  interferometer 


1.0037  by  sac  char  line  ter 


1.0045  by  InterferoEieter 


O.7II   Stood  8  dc.ys 

79.475°  _  Removed 
76.86°  ~  Introduced 

.6959911  _  rlemoved 
.67S05M  ~  Introduced 


1.03402  by  saccharimoter 


_  1.03408  by  interferometer 


5.01a       Stood  7   days 

513.53°        -loraoved 


_  l.--_--  by  sa.ccharimeter 


ol^.OB     ~   Introduced 

4.9C15    _    -iemovod         _    I.OOIS   c;;   interlorouiotor 

■i .  'J  ■/  0  5    ~    Iiitr  0  '.'u  c  e  d 

The  aooYe  ratioa  Ehov:  that  v/lthin  the  error  of  the 
saccharimeter  roadlnrr  ercspt  in  tho  cacc  of  the  O.lll  inat  the 
tv;o  mothodt  u-'su...  ..^ll  enough  to  conclude  that  little  or  no 
inversion  occurred. 


The  same  criteria  for  determining;  v/hen  the  eolutionc 
were  air  free  as  used  by  the  other  observers  v/orking  oa  this 
method,  \7ere  adopted  and  confirmed. 

The  analysis  of  the  solutions  waa  made  by  the  inter- 
ferometer after  calibrating  its  sensitivity  at  the  various 
concentrations.   The  known  solutions  were  carefully  made  up 
and  the  weigliings  corrected  to  vacuo.   A  little  difficulty 
was  encountered  in  reading  the  bands  of  the  interferometer  at 
tha  higher  concentrations,  due  to  the  fact  that  they  were 
more  or  less  dietorxed  and  straighten  oalj    on  long  standing, 
v.'hich  might  involve  come  loss  by  evaporation.   V/ith  eomo 
practice  it  v;as  found  that  the  readings  oould  be  checlced 
satisfactorily  after  allowing  20  minutes  for  temperature 
differences  to  equalize,  even  the  the  bands  v;ere  not  straight. 


EXPERIIJEIITAL  DATA. 


J.l 


Date 
&/22/2I 


0.6960  Llolar  headings 


^ero 
Before 

Reading 

Zero 

After 

Deflection 

196.0 
196.0 
196.1 

241.3 
241.2 
241.  S 

196.3 
196.0 
196.0 

45.20 

195.6 
195.5 
195.6 

240 . 7 
240.8 
240.8 

195.5 
195.6 

45.20 

3/2/21  195.7  240.9  196.0 

241.0       196.0 
241.1 


195 

.7 

196 

.0 

196 

.0 

196 

.0 

195 

.7 

195 

.7 

195 

.7 

45.04 


241.0  195.9 
241.2  195.9 
241.0  45.26 

Mean  of  average  deflection     45.17 


Date 


5/21/El 


S/iii;/;^l 


0.6011  Llolar  Headings 


Zero 

Readings 

z,ero 

Deflection 

Before 

After 

195.7 

235.0 

196.0 

196.0 

255.1 

196.0 

196.0 

2S5.0 

196.0 

39.07 

195.7 

234.7 

195.9 

195.7 

234.6 

195.9 

195.7 

234.7 

196.0 

235.0 

196.3 

196.0 

255.0 

196.0 

196.1 

235.0 

196.0 

190.6 

234.5 

195.5 

195.5 

234.6 

19  5.6 

195.6 

234.6 

58.86 


33.97 


39.00 


Ti'lth  readings   of  3/20/21     Average        38.95 


I'J) 


0.4011  l.Iolar  KQadings 


Dato  Zero  Reading  Zero  Deflection 

Before  After 


1/24/81  249.95  275.06  250.06  25.06 


l/2':-/2l  249.15  274.10  249.15  24.97 


1/21/21  249.93  275.00  250.05  25.02 


1/24/21  249.11  274.13  249.16  25.02 


1/51/21  247.86  273.05  247.96  25.12 


Mean  of  ayerafre  deflections  25.06 
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0.99ii7  Llolar  Headings 


Date       Zero        Heading      Zero       Deflection 
Before  After 


1/Zl/Zl  248.15  314.23  248.12  66.09 

"  248.06  314.00  248.03  65.94 

1/24/21  249.93  315.90  249.96  65.94 

"  249.13  315.03  249.13  65.90 


2/1/21     247.17       313.03       247.10       65.90 
247.13       313.06       247.13       65.93 


Mean  of  average  deflections        65.95 
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0.0991  Llolar  Readings 


Date 


Average  Zero 
Before  cc  After 


Reading 


Deflection 


12/29/20 


248.2 


254.10 


5.90 


I2/SO/2O 
12/30/20 


247.5 


247.7 


25S.8 


253.9 


6.20 


6.20 


Mean  of  average 


6.13 


n.B.      These  readings  were  chosen  as  best  values  because 
the  average  zeros  before  and  after  the  reading  checked  v;ithin 
0.1  nm  and  both  observers  check. 

Other  readings  on  this  concentration  vrere  discarded 
because  of  the  inexperience  of  the  observers  and  because  zeros 
before  and  after,  and  readings  themselves,  did  not  check 
'.Yithi  n  O.lrma. 


Ic 


0.1992  Molar  Headings 


Date 


Average  Zero 
Before  &  After 


Reading 


Deflection 


12/50/20 


247.3 


259.7 


12.40 


I2/SO/2O 


247.6 


259.8 


12.20 


Iklean  of  average  deflections 


12.20 


llote:     These  readings  v/ere  chosen  as  best  values  "because 
the  average  zeros  "before  and  after  the  reading  checked  v;ithin 
0.1  mm. 

Other  readings  on  this  concentration  v/ere  discarded 
"because  of  the  inexperience  of  une  observers  and  because  either 
tl^e  zeros  before  and  after  or  the  readings  themselves  did  not 
check  within  0.1  mm. 


IV 


2.0162  Ivlolar  ixeacUngS 


Date 


2/1/21 


Zero 
Before 

Reading 

Zero 
After 

Deflection 

246.4 

&92.1 

246.3 

246.4 

392.0 

246.5 

246.2 

392.1 

246.4 

145.70 

245.  S 

390.9 

245.2 

24:5. Z 

391.0 

245.2 

245.3 

391.0 

145.69 

2/27/21 

246.1 

392.1 

246.2 

246.3 

392.1 

246.2 

246.3 

392.0 

246.2 

392.0 

246.5 

246.3 

392.3 

246.2 

246.5 

392.2 

246.3 

246.4 

145.81 


145.84 


V/ith  .leadingB  of   2/26/21     Mean  of  average   deflections     14o.89 
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E.9916     Llolax-  .vaadings 


Date 

Zero 

Before 

Heading 

Zero 
After 

•c/lZ/Zl 

194.7 

426.4 

194.8 

l.;4.6 

426.4 

194.9 

194.7 

426.2 

195.0 

:;/io/2i 

194.7 

426.1 

194.7 

194.8 

426.3 

194.6 

426.1 

194.6 

194.0 

425.4 

194.0 

194.0 

425.5 

195. 9 

194.0 

425.4 

193.9 

Deflection 


231.53 


194.0 

425.9 

194.2 

194.2 

425.9 

194.1 

194.0 

425.9 

231.8 

? 

231.47 


231.47 

Llean  of  average  deflectione       231.49 


..uestion  reading  because  temperature  of  "bath 
dropv.ed  .01- of  a  degree. 


4.0368     Molar  Reading 
(Head  against    2.016SM) 


Date 


4M  Reading 


2/E7/21  430. 3S 
430.03 

3/1 /idl  451.03 
429.86 
430.03 
429.46 

2/26/21  430.73 
430.03 


11 

2M  Reading 

111 

Average 
z.ero 

392.03 

246.21 

392.18 

246.34 

392.90 

246.23 

391.50 

245.61 

392.06 

246.36 

390.96 

245 . d9 

393.26 

247.21 

593.30 

247 .18 

Deflection 


Average  2M  deflection 
Average  2i.i  vs  4I.I  deflection 
4  I.iolar  deflection 


145.30 
329.61 


IT.B.      The  4  Molar  deflection  is  olDtair.ed  by  subtracting 
the  average  of  coluran  111  from  tiie  average  of  colr.um  1  and 
adding  this  difference  to  that  obtained  by  subtracting  the 
average  of  coluxm  111  from  the  average  of  column  11.  Llaximum 
reading  error  0.4/i3  deviation  froiii  the  mean. 
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4.9815  Molar  Headings 
(Read  against  2.99161.1) 


Date 

1 
5LI  xieadi 

ng 

11 
3M  Heading 

111 
Average 
Zero 

Deflection 

5/10/21 

385.96 
286.03 

426.16 
42o.'xC; 

194.69 
193.96 

'bJ\2.l2X 

386.93 

426.33 

194.80 

38G.10 

425.90 

Average 

3M 

124.04 

• 

2S1.49 

Average 

511 

vs   3M 

192.16 

5L:  Deflection 

423.65 

Question  reading  because  temperature  of  "bath 
dropped  .01  of  a  degree. 

Llethod  of  determination  of  5M  deflection  is 
the  same  as  described  for  the  41.1. 


Ei: !:::;  IHi: ::::: :::::  inii!!H!!5!!!!f!!S9!i^SS  !!^5!!!B99BRB8!!!S9!9SI9 

■^•■a  ■>•■•  ■■■•■•■■••IsaaBfaaaB  ■■■■■■•■■■  ■«•■■  •■*•■  ■■••■  •••«■  ■•■■■■■■■«•••■••■■■•  ■•••>  ■•■■*  ■•■■a»«ii*«a»< 

JgJIiMiBiiwMiBlalilliiiiiiigiijiiij^ 

aWBBMlMiWMBMllMHBilillPIIMIBiyil 

giBMHHHnm|^^^||^H||BPi|ji;     119 
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Tablo  11. 
SUiai^-.x  OP  IX'iTA. 


G  =  Grams  ox  sugar  per  1000  grams  of  HgO  (la   vacuo) 

M  =  Molar  GOnccntration 

s  =  Defloction 

k  i  Constant  used  in  determination  of  lowering  d.   sin  Q- 

-D       t  tan   2d 

PQ-P=Lovirering  at  room  temperature   25° 

h    =    lov/ering  corrected  to  0° 


G 

M 

8 

lQj.0 

^0-^ 

h 

35.89 

0.0991 

6.13 

5094 

0.0512 

0.0511 

6G.15 

0.1992 

12.30 

5094 

0.0627 

0.0625 

137.17 

0.4011 

25.05 

5094 

0.12Y5 

0.1270 

200.57 

0.6011 

i;b.95 

5094 

0.J.964 

0.1975 

227.87 

0.6960 

45.17 

5094 

0.2301 

0.2291 

3S9.84 

0.993'< 

u5.95 

5125 

0.3379 

0.3365 

689.54 

2.01G2 

145.89 

5094 

0.7432 

0.7598 

1025.13 

2.9916 

231.49 

5069 

1.1754 

1.1631 

1380.59 

4.0368 

145.89 

5094 

u  .  /  •-.•o2 

183.72 

5083 

0.9539 

1.6694 

1705.67 

4.9815 

S31.49 

5069 

1.1734 

j..;:..iu  ■ 

-juY'i 

u . J / 50 

2.1587 

ll 
Calc. 


fo-2 


M 


Table     111. 
Deviation  from  Haoult's  law. 
Lolar  concentration 
lo\7erixiK  corrected  to  0° 
lowering  calculated  from  liaoult's  Law 

=     Llolecular  lowering 


M 

h 

Calc 

Diff . 

i:oi 

■^0  " 

^0-^ 

— 

^Taction 
xlO-'^ 

n/ll+n 

M 

0.0991 

0.0311 

0.0312 

0.0001 

17.8 

17.466 

0.3137 

0.1992 

0.0623 

0.0627 

0.0004 

35.7 

17.470 

Z7 

0.31bi 

0.4011 

0.1270 

0.1267 

j- 

0.0013 

71. u 

X7.740 

0.3166 

0.6011 

0.1975 

0.1877 

0.0098 

107.0 

13.459 

0.3285 

0.6960 

0.2291 

0.2170 

0.0121 

123.7 

18.622 

0.3291 

C.9957 

0.536S 

0.3082 

0.0281 

175.7 

19.142 

0.3584 

E.0162 

0.7398 

0.6142 

0.1256 

350.2 

21.124 

0.3669 

2.9915 

l.luBl 

0.9118 

0.2563 

519.8  . 

22.476 

0.3904 

4.0^568 

1.6694 

1.1881 

0.4813 

677.3 

i,4.647 

0.4155 

4.9815 

2*1387 

1.4433 

0.O954 

822.8 

25.993 

0.429S 

.__x. 
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Discuseion  of  Kesulte 
Deviation  o'l   Sugar  solutions  from  Raoult's  Lav7. 

The  results  tabulated  in  TalDlo  111  show  a  liiarked 
divergence  from  the   theoretical  lov/erings  required  "by  Raoult's 
law. 

^0-'^   -  J9: or     ?  =  Po  1-^ 

The  differonces  oetv/een  the  calculated  and  observed 

values  are  recorded  under  the  heading  "Diff."  and  are  expressed 

in  millimeters  of  mercury.   By  plotting  t    .  ^aes  of  the 

molecular  lowering  xq-P  against  concentration  of  both  sugar 

TI — 
and  mannite,  it  can  oe  seen  how  tne  elope  of  the  sugar  curve, 

Figure  1, differs  from  the  mannite.  Because  of  the  limited 

solability  of  the  raaniiite  this  curve  must  be  extrapolated 

beyond  one  molar  for  comi-.arison  between  a  substance  that  obeys 

Raoult's  law  and  one  that  does  not.   The  theoretical  molecular 

lowering  curve  is  a  straight  line  paralled  to  the  concentration 

axis.   The  column  of  Table  11  headed,  lowering  divided  by  the 

mol  fraction,  shows  the  calculated  value  for  the  vapor  pressure 

01  -CiiQ   pure  solvent  at  E0°  ~uO  uno  increase  over  the  actual 

constant  value  which  is  17.5.   .  .  of  mercury  according  to 

ticheel  &  Heuse. 

These  abnormalities  of  vapor  pressure  lowering  c^na 

other  colligative  properties  of  sugar  solutions  are  usually 
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explained  by  astumiug  t?^at  the  solute  forms  hydrates  in 
solution,  or  in  other  words,  some  of  the  v/ater  is  held  back 
in  chemical  combination  witu  the  sugar.  Various  investigators 
have  calculated  the  amount  of  hydration  of  sugar.   Callendar 
obtains  a  value  of  five  molecules  of  ?/ater  combined  ;/ith  one 

molecule  of  sugar  based  on  the  boiling  point  determinations 

*  3 

of  ilahlemberg.     Washburn  calculates  from  the  freezing  point 

data  that  siigar  exists  in  solution  as  a  hexahydrate .  Pindlay 
states,  asEiiming  water  is  not  associated,  and  that  the  pressure 
of  the  solute  has  not  altered  the  association  of  water,  that 
the  osmotic  pressure  calculated  assuming  sugar  to  be  a  hexa- 

5 

hydrate  is  in  almost  exact  agreement  with  Morse's  observed 
value  at  20°  for  a  weight  molar  solution.   V/ood  calculates 
from  static  vapor  pressure  lov/erings  that  sugar  is  a  tetrahy- 
drate  at  the  higher  temperatures  and  concentrations, 
ffrazer  Sc   Llyrick  say  that  the  degree  of  hydration  varies  with 
concentration  ^.-.no.  pressure  and  on  the  assiimption  that  •■  ^ -^r 


1  rroc  -ioy  boc  A  80  466  (1908) 

a  J  Physical  Chem  5   i)62   (1901) 

3  Technclogical  ..uarterly  (ll.l.'x.)  ^  560   (1903) 

^   "Osmotic  pressure"  monagrapii  p42 

■5  loc  cit 

t  loc  cit 

7  loc  cit 
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is  in  the  dihydrol  form  they  obtain  a  totrahydrate  tor  5M 
concaatra^ioii  oy   their  osmotic  preseux-e  data  at  30*^.  At  2, 
3  and  4  molar  concontratione  they  calculate  that  the  penta- 
hydrate  exists. 

Results  calculated  from  the  data  of  this  research 
seem  to  indicate  that  sugar  is  a  tetrahydrate  in  solution 
altho  they  do  not  show  the  presence  of  a  definite  hydrate. 
Table  1¥  is  calculated  from  Haoult's  law  and  assumes  no  asso- 
ciation of  the  solvent. 


lable  IV. 


n    =    LIols   of  Sugar  per  1000  grams  HgO    (55.555  mole) 

II    =  LIols   of  Water  calculated  to  represent  active  water 

(water  with  escapiiig  tendeno;/) 

H    =.  iaols  of  V/ater  calculated  to    "be  in  combination  v.lth 

1  mol   of   sugar   at  tJiat  particular   cor 
centration. 


n                                     N  H 

0.0991  55.800 

0.1992  55.728 

0.4011  54.881  1.68 

0.6011  52.681  4.76 

0.6960  52.437  4.41 

0.99S7  51.058  4.45 

2.0162  45.698  4.89 

2.9916  41.592  4.67 

4.0568  38.249  4.29 

4.9816  55.617  4.00 
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The  degree  of  combination  between  sugar  and  water 
is  difficult  to  detoi-niine  because  of  the  fact  that  water  is 
kno^7n  to  be  associated,  and  the  effect  of  the  presence  of  a 
solute  on  association  and  especially  the  effect  of  the  pres- 
ence of  a  hydrated  solute  is  not  Imov/n.  An  interesting 
parallel  phenononon  is  observed  in  that  simultaneously  with 
the  retaining  of  active  water  by  tl.e  sugar,  there  is  a 
dinunition  of  voliune  in  the  preparation  of  solutions.  A 
solution  of  cane  sugar  in  water  does  not  occupy  as  large  a 
volujne  as  v/ould  be  expected  from  molecular  volume  considera- 
tions.  In  other  v;ords  the  solution  is  made  up  of  components 
that  are  not  truly  additive.  Bousfiald  and  Lov/ry  and  xlichards 
postulate  that  the  more  voluminous  constituent  of  the  ternary 
mixture  of  v/ater  has  been  removed  or  nas  been  acted  upon  as 
the  case  may  "be.   If  there  is  hydrate  formation  the  active 
water  is  partially  changed  into  l^ydrate  water,  the  volume 
changes  and  the  vapour  pressure,  v/hich  is  the  measure  of  active 
water,  relatively  dlininishes,  and  thus  it  seems  that  the 
shrinkage  of  volume  on  dissolution  substantiates  the  theory  of 
hydrates  oi  sugar  in  solution. 
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Deviation  '.■■.■•or.  Vou  JJabo's  Lav/. 

The  toTnv.eratiire  coefi:iciont  of  vapor  pressure  of 

sugar  solutions  is  of  inter ect  since  it  affords  a  means  of  coa- 

parison  v/ith  the  ooserved  osmotic  pressure  temperature  co- 

efficiGut.  yon   Babe's  law  states  that  the  relative  vapor 

pressure  lov/erings  are  independent  of  the  temperature,  thit  is, 

d  (In  Ig/v)-.  It  is  obvious  from  Figure  11  that  such  conditions 

dT     -^* 
do  not  exist  for  clc^^x  tu^o^tions,  even  tho  in  the  absence  of 

vapor  pressure  measurements  at  other  temperatures  it  v/as 

necessary  to  resort  to  the  indirecc  method  by  using:  the  frosz- 

it     ' 

ing  point  and  boiling  point  cclculations  given  d^  Juttner. 

These  values  are  chosen  from  the  v/ork  of  Becioaan  on  boiling 

3 

points  and  3^.7:~n  on  fre3::inp-  roints.    Altho  it  is  ■:,  little 

difficult  to  icnov;  ;:.::::  choose  ujie  host  values  v.nicn  represent 

the  true  state  of  affairs,  it  a  i.ears  that  the  curve  for  the 

freezing  ;  oint  lies  above  that  of  the  vr-^=or  rressure,  and  the 

curve  for  the  boiling  poini;  liec  ^oiow.  '^..-o  i^xrchhoff 

equation  H=rHT^  p)   (in   1_q_  \   v/here  H  the  heat  of  dilution 

S)T  >   r  / 

>o '  and  the  other  symbols  have  their  visual  meaning,  accounts 


1  ^eit   hysil:  Chera   53  106   (1001) 
Z  ibid      6.   457  TTGOO) 
3  ibid    51    OS   (1899) 


^quantitatively  for  this  dGviation.  H  ie  defineJ  as  tho  hoct 
which  nust  be  added  to  keep  the  temperature  conetant  v/hen  one 
gram  of  solvent  is  added  to  an  infinite  amount  of  solution- 
Calculations  "based  on  Ewan's  freezing  point  data  and  this  20° 
Vc:.por  presEiU'e  ^7ork  show  the  heat  of  dilution  to  be  greater 
than  that  observed  by  iSvran  and  Staclielberg. 


1  loc  cit 

2  ^oit  phy  Chera   SO   54G    (man) 


so 


Table  V. 
H  expreesGd  as   oalorios  per   gran 

Llolar  II    (avan)  H   (i>tackel"berg)  H    (Gale) 

Cone . 

1.0  -.205  -.309  _.-,.:J 

2.0  -.43  _.79 


--n  explanation  _or  tho  clivergence  can  "be  found  in 
the  fact  that  the  calculated  values  are  based  on  in'cerpolatad 
values  and  that  the  froezinr:  'Oint  data  may  not  be  a  reliable 
starting:  point  lor  tns  lo'.ver  iinit  of  the  integral. 

Because  of  the  acciiracy  of  the  vapor  pressure  method 
it  in  beliavG-'  t'-.at  heats  of  dilution  can  bo  accuratol"  dotor- 
n^inecl  loi-  tj.o  nie-a^er  coucenoxations,  aosuming  o^  cciirso,  tr.o 
validity  of  hirchhoff 's  equation. 
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Osuotic  PressTixa.-and  Vapor  Pressure  Lov/eriug. 

For  the  thermodynamic  relation  bet>.veen  vapor  prosBura 
and  osmotic  pressure,  the  eciUcition  derived  by  Porter  is  bettor 
adapted  for  the  calculation  of  osmotic  pressui'os  from  this  data 
than  tliat  of  Lev/is   .   'I'he  equation  of  Lewie  is  intended  to 
apply  to  ideal  solutions,  while  lorter's  e::pr3seion  can  be 
applied  in  general.  I'oreover,  lorter's  equation  is  based  upon 
the  fact  that  tiie  colution  is  under  hydrostatic  pressure  of  its 
own  vapor  v/hich  is  a  condition  of  this  static  method  of  vapor 
pressure  determination. 

using  Porter's  notation  v/nere, 

Ip=-  osmotic  pressure  under  hydrostatic  iressure  p 

p  =  hydrostatic  pressure 

-w,  =  vapor  pressure  of  solution  when  under  hydrostatic 
pressure  of  its  ov/n  vapor 

TTo  =  vapor  pressure  of  solvent  v;hea  under  hydrostatic 
pre f: sure  of  itc  own  vapor 

s  =  iieducuioi-  i-  volui.io  v/iion  1  gram  of  solvent  esc-pos 

V  =•  specific  volume  of  vav;or 

u  =.  stjocific  voluao  of  solvent 


1  loc  cit 

^.  J.Am.Chom.Soc.  50   663   (1908) 
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tho  rolatiou  is  Qi-zrxeci:.Qa   uy  one  eciuation: 

-p       /To      (^-ip 
8dp  =  )  vdp  •+•  j  udp  (1) 

Ascuraing  s  and  u  to  be  independent  and  that  tho  vavjor 
obeys  the  gas  laws,  the  integrated  fom,  y/hon  simplified  and 
terms  disregarded  that  may  be  neglected,  becomes: 

:P^    _  RT    In   Pn_  (2) 


OC  . 


Gouy  and  Ghaceron 


2  MVg        P 

where  P  -  the  osiaotic  pressure 

c<  =L  compressibility  coeiTficient 

Vg  -  dininunition  in  volume  'C7here  1  gram  of 
solvent  is  taken  from  an  infinite 
amount  of  solution 

xl  =.    gas  constant 

T  =  absolute  temperature 

In  pQ  _  values  obtained  from  vapor  pressure  data  - 
F   ""     for  vapor  pressure  solution  (P)  and 
solvent  (Pq) 

The  Yg  value  may  be  obtained  f.om  the  equation  of 

1 


<f        (         <r       as) 

v/hero  <?  =  density   of  the   solution 

G  =.  v;t  of  solute   in  1  gram  of  solution 


1.  .Inn  Ghim  phys    (6)    12        384      (1887) 
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Calculatod  Osmotic  Pressures  of  ConcantratGd  tSolutione  by 

Porter's  Equation. 


In  the  calculation  of  the  following  values  the 

constant 
universal  gasAV/as  used  and  no  correction  v;as  applied  to  the 

lil  or  2M  concentrations  for  corapressibillty  -  that  data  of 

Plato  in  Landolt-Bcirnstein  Tabellen  waa  used  for  the  density 

of  sugar  solutions. 


Tabl 

e  VI. 

M 

d 

Vs 

P  calc 

P '  obs 

P"obs 

P"'o 

0.9937 

l.lo54 

1.0008 

25.88 

26.64 

2.0162 

1.1795 

0.998 

56.50 

56.70 

57.7 

64.9 

2.9915 

1.2SS7 

0.990 

93.08 

92.80 

91.5 

95.1 

4.0S68 

l.£747 

0.989 

135.27 

138.20 

133.5 

136.2 

4.9815 

1.2105 

0.983 

177.19 

187.20 

179.8 

P'obs  =  Iota's  values  corrected  for  temperature  from 
30°  measurements  exce-nt  111  which  is  value 
given  by  Morse 

P"obs  =  Frazer  and  I.iyrick's  values  corrected  for 
temreratiiro  fron  30°  measurenents 

P" ' obs  =  Berkeley  £a   Hartjoys:  values  corrected  for 
tem-perature  from  0°  measuroments 


±   lotz  Discortation  J.H.U.  1920 


The  agreemont  botv.-een  the  calculated  and  the 
observed  is  quite  good  oxcert  in  the  case  of  the  5M  where 
a  difference  of  5.6/jOccurs  between  the  calculated  value  and 
that  observed  by  lotz  v/ith  the  v/ator  interferometer  pressure 
gauge.   Only  in  one  concentro-tion,  3M,  is  the  calculated 
value  higher  than  the  observed.   The  correction  of  the 
observed  pressures  for  temneratiires  is  somev/hat  doubtful 
because  the  tenit^erature  coefficient  of  osmotic  rressuros  at 
those  concentrations  is  not  loaov/n.   The  agreement  between 
Frazer  and  Myrick's  values  and  Berkeley  and  Hartley's  0° 
values  when  corrected  by  assviniing  that  the  solutions  obey  the 
gas  lav;,  is  good,  corisidering  the  range  of  temperature  and 
for  this  reason  the  same  method  of  correction  of  observed 
values  v;as  used  in  table  VI.    If  heats  of  dilution  data  were 
available  at  these  temperatures  and  concentrations  perhaps 
that  method  of  correction  v;ould  bring  the  calculated  and  observed 
values  nearer  together.    In  su-oport  of  this  suprosition  take 
the  case  of  the  2M  solution  v/here  Ev7an's   data  can  be  used. 
The  arplication  of  the  Helnlaotz  ecuation  accordi::g  to  Iev;is  ^ 
corrects  the  observed  value  tiO  that  it  nearly  checks  the 
calculated  value,  thus; 


iloc  cit 
Zloc  cit 


^o 


P    -     ^     =   T   ^ 

..    =  hQct   of  dilution      .4i3  calories  according  to  iiwan 

.45  cal  <^   Id   cc   atmospheres 

58»value   of  P  at  30°  according  to  Lotz 

58  -  18  ,,.     ,  , 
rTgg =    .lb  atmospheres  per  degree 

.13  re  10    -    1.3 
58-1.3=^au.7  atmospheres  pressure  at  £0° 

(56.5   calculated  from  vapor  press^ure) 

Osmotic  xresBures   of  Concentrated  iiolutions  Calculated  by- 
Lewis'    Equation. 
The   eCiUation  of  L^r.is    is   given  as   follows: 

ll-i-ocii2  __RT    ,      i^  '  (3) 

~>4Vo  P 

wher^  ■*   =   130!;' pressi Dili ty 

11  =  OBiuotic  ■'-.res sure 

Yq  =  molecular  volui.ie   of  the  solvent  and 

tlie   other  symbols  have  their  usual  meaning. 

The  values   calculated   from  this    equation   oorapareci 

with  those    calculated  by  iortor's   aquation  are   set   down  in 

Table  Vll .      It   is   evident   fro;..    -      e::  .nination  of  the   table  and 

the   curve  Pig.    3,   that  t'r.e  values  by  equation   (3)    are   liigher 
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at  the  low  concentrAtions  c:-^    lower  at  Vao  high  concontra- 
tions   than  thoso   ox   aciuation    r^)  ,    in   ou.ior  v/orde,    tho 
curves   iatorsect  at  about  SM  concentration. 

Table  Vll. 

Cone  Calculated  by  Calculated  by 

M  Equation   5  Ec;.uatlon  2 

1  25.91  20.88 

57.60  56.50 

5  92.16  95.08 

4  155.86  135. S7 

5  174.29  177.19 
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The  C::.lc\ilated  Osmotio  PrerBuros  oi  Diluto  Solutions. 
The  calculation  of  the  osmotic  preBi.;uroB  recorded 
in  Tr."blo  Vlll  v/as  done  with  equation  (S)  and  compressihility 

...juL^.  .    3Be  calc\ilatecl  values  are  lower  than  the 
observed  values  by  about  0.2  of  an  atmosphere  at  the  lo'.var 
concentrations  and  about  0.5  of  an  atmosphere  at  the  higher- 
ina  di£cr3^u„u,.  is  difficult  to  ex^:lain ,  but  a  similar  devia- 
tion  in  the  same  direction  v/as  observed  by  Rogers  wnen 
con-oaring  the  c-lculated  values  with  the  direct  measurements 
of  osmotic  prji^wure  of  mannite .  There  is  a  possibility  that 
the  manometer  measured  too  high  a  pressure  becuuse  of  air  ooing 
trapped  betv/een  the  glass  and  the  mercury  as  the  mercury 
thread  accjna'j.:.   i^urther  suspicion  is  oast  u-oon  the 
manometer  as  a  pressure  indicator  from  the  fact  that  at  tno 
higher  pressures  a  calibration  of  a  manometer  against  the 
T/ater  interferometer  pressure  gauge  (which  had  been  in  turn 
calibrated  against  the  absolute  gauge  at  the  Geophysical 
laboratory)  revealed  a  difference  batween  the  two  gauges  of 
just  about  the  amount  necessary  to  account  for  the  difference 
bGt^v^on  the  observed  and  calculated  osmotic  pressures. 

1  Rogers*  Dissertation  J.K.U.  1917. 
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However  it  is  not  safe  to  say  t'  '■■   the  mnnomotor  ie  the 
source  ox  the  divergence  until  further  study  has  been  made. 

Both  the  equation  of  Lev/is  and  that  of  Porter 
are  based  on  tjie  SLSEum;'  tion  that  v/ater  vapor  obeys  the  gas 
law.   In  view  of  tiie  fact  that  there  are  known  deviations 
froia  the  gas  law,  this  point  is  v/ell  worth  considering,  tho 
cf  course  e:>rperimental  evidence  seems  to  show  the  diver- 
gences most  iii£-rked  at  the  higher .  pressures  v;hile  this  work  is 
carried  out  under  17  mm  of  mercury  pressure  just  where  little 
or  no  abnor:nality  should  be  shown.   Batelli  gives  a  variation 
in  PY  for  water  vapor  at  21°  of  only  0»l/i  over  a  range  of 
10  railliaetors  pressure.   In  these  va^)or  pressure  measiirements 
of  sugar  solutions  it  must  be  reraiiibered  that  the  vapor  is 
saturated;  and  conseouently  at  this  slight  pressure  of  17  m.i 
since  tho  e:cperinental  error  in  the  ;ne??.eur'3rr.?nt  cf  PV  of  tho 
unsaturated  vapor  is  c,uite  ..;  ^.j.'j(jxc.oj.'j  ^.a  -u-a  .va„xjx^;u  n-.a 
obsorved,  tho  error  must  be  magnified  in  the  case  of  saturated 
vapor;  and  thus  tho  data  are  difficult  to  credit  ore  v;a7  or  tho 
other.  Further  stud^  oi  ■u;ic  devia-uio::£;  o_  v.'^i;or  vUj^or  iro:a  uiie 
gas  law  at  low  pressures     . eveal  facts  that  will  account 
for  the  difference  noted  .lOve. 
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Table  Vlll . 

Conrarlson  of  Lleaeuramonts  of  OGmotic  PreBeureB 
of  Dilute  Solutions  of  Liannite  aud  Sugar  by  Direct 
and  Indirect  Liethods . 


Llolar 

IJ-aiinite 

cone 

obs 

calc 

.1 

.E 

4.86 

4.68 

.4 

9.59 

9.S9 

.6 

14.40 

14.24 

.7 

16.53 

1.0 

24. 1£ 

2S.75 

Sugar 


obs 

calc 

2.59 

2.57 

5.06 

4.70 

10.15 

9.68 

15.59 

15.15 

18.13 

17.61 

26.64 

25.91 

40 


Table  IX. 
Summary  of  Calculated  and  ObBorvod  Osmotic  ireesures 


G.SugT.r  CSugor  Observed  Observed  Observed  Calcu-  Calcu- 
i  er  lOOOg  per  lOOOg    by       by        by 

of  water  of  v/ater  I.Ioree  &  Eraser  &  Eraser  [/. 

'  'rse.  Vapor  co-v/ork-  llyrick    Lotz 

,  -  ic  &:  pressure  ors 

i'razer  measure-  tion 

lotz  nents 


li-ted 

lated 

-^7 

ty 

levzis ' 

xorter 'b 

equa- 

aouati  on 

3S.91 

35.89 

2.59 

2.37 

67.82 

68.15 

5.06 

4.70 

155.64 

137.17 

10.13 

9.68 

205.46 

205.57 

lo  .ou 

15.15 

237.37 

237.89 

18.13 

17.61 

359.1 

359.84 

26.64 

25.91 

25.88 

634.4 

689.54 

57, 

.7* 

56, 

.7* 

57.60 

56.5 

1026.6 

1025.13 

91. 

.5** 

92, 

.8"* 

92.15 

93.08 

1368.8 

1380.59 

135, 

.5** 

158, 

.2** 

133.86 

135.37 

1711.0 

1703.67 

179, 

.8** 

187, 

.2** 

174.29 

177.19 

*  Corrected  for  temperature  from  30°  raeasiu'ements  by 
heat  of  dilution 

**  Corrected  for  temperature  from  30°  measurements  by 
gas  lav/ 


SUIMARY . 

1.  The  vapor  pressureB  of  aqueous  sugar  solutions 
ovei-  tho  range  of  soluoility  at  20°  have  been  measured. 

2.  The   deviations  of  sugar  solutions  from  ilaoult's 
law  have  heen  recorded  and  discussed. 

3.  It  has  been  shown  that  von  Babo's  law  does  not 
hold  for  sugar  solutions. 

4.  Osmotic  pressures  have  been  calculated  both  for 
concentrated  and  dilute  solutions  by  tiie  equations  of  Le\7is 
and  xorter  and  compared  with  the  observed  values  at  tjiis 
temperature . 
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